At temporal frequencies between approximately 30 and 70 Hz, the flicker electroretinogram (ERG) of the cone system can exhibit an alternation in response amplitude from cycle to cycle that has been termed synchronous period doubling. This phenomenon has been attributed to a nonlinear feedback mechanism at an early retinal locus. The purpose of the present study was to define the effect of stimulus contrast on period doubling in order to better understand the nature of the underlying mechanism. ERGs were recorded from three visually normal subjects in response to sinusoidal flicker ranging from 20 to 100 Hz, using stimulus contrasts of 37.7, 56.5, 75.4, and 94.2%. Period doubling was quantified as: (1) the amplitude of an harmonic component of the ERG waveform that was 1.5 times the stimulus frequency, and (2) the difference between the mean trough-to-peak amplitudes on even and odd cycles of the ERG waveform. Amplitudes were converted to responsivity by dividing by stimulus contrast. By both measures, subjects showed discrete regions of period doubling that were displaced to lower temporal frequencies as stimulus contrast was increased. The temporal frequency shift of period doubling with altered stimulus contrast can be accounted for quantitatively by postulating a neural threshold for the nonlinear feedback signal that is presumed to generate synchronous period doubling.
Introduction
The ERG response of the cone system to a periodic stimulus is a common measure of retinal function. The two standard indices of the response magnitude are the trough-to-peak amplitude of each cycle of the response and the amplitude of the response harmonic that corresponds to the stimulus frequency. A potential complication in using trough-to-peak amplitude as an index of response strength is that, under certain conditions, the waveform of the flicker ERG can show an alternation in response amplitude from cycle to cycle (Alexander, Levine, & Super, 2005; Best & Bohnen, 1957; Crevier & Meister, 1998) . Termed synchronous period doubling (Crevier & Meister, 1998) , the alternation in amplitude is also manifested in the spectrum of the ERG waveform as an harmonic component that is 1/2 the stimulus frequency (twice the stimulus period), as well as higher harmonics of that subharmonic frequency that are generated by retinal nonlinearities.
Synchronous period doubling has been attributed to a nonlinear feedback signal with an exponential decay that alters response gain, in combination with some form of electrical coupling between neural elements that leads to the synchrony of responses across the retina (Crevier & Meister, 1998) . Based on pharmacologic studies of salamander retina, Crevier and Meister (1998) proposed that synchronous period doubling originates at the synapse between cone photoreceptors and bipolar cells, although the specific mechanism is presently unknown. In the quantitative model of synchronous period doubling proposed by Crevier and Meister (1998) , the magnitude of the feedback signal y on the ith cycle of a stimulus at a given temporal frequency f and contrast C is:
where
In this formulation, there are two parameters of the feedback signal that govern the characteristics of period doubling: B, a scaling factor that controls the magnitude of the feedback signal y; and s, the time constant of the feedback decay. A decrease in B decreases the magnitude of the alternation in response amplitude from cycle to cycle. A decrease in s shifts the region of period doubling to higher temporal frequencies. This frequency shift occurs because, when the value of s is sufficiently small, the interstimulus interval can be made shorter without affecting the gain for the subsequent stimulus. The model of Crevier and Meister (1998) assumes that the stimulus consists of a series of brief pulses. Nevertheless, Crevier and Meister (1998) successfully applied their pulse-based model to ERG data that were acquired using square-wave stimulation. Synchronous period doubling can also be observed in the cone flicker ERG when the stimulus luminance is modulated sinusoidally (Alexander et al., 2005) . It is likely that the difference between stimulus waveforms has little consequence. At the high temporal frequencies at which period doubling occurs, there is essentially no functional distinction between pulses, square-waves, and sinusoids, because the higher harmonic components of the non-sinusoidal stimuli are effectively attenuated by the visual system.
A major determinant of the ERG response is the stimulus contrast (eg., Wu, Burns, & Elsner, 1995) . According to the model of Crevier and Meister (1998) , altering the stimulus contrast (C) will change the strength of the feedback signal (cf. Eq. (1)) and hence will affect the magnitude of period doubling. However, the temporal frequency region over which period doubling occurs should remain constant with changes in stimulus contrast. Nevertheless, in a recent study of individual differences in period doubling (Raghuram & Alexander, 2006) , it was observed that, when the stimulus contrast was reduced from 100 to 50%, the region of period doubling appeared to shift to a higher temporal frequency range. The present study was undertaken to characterize this apparent frequency shift with contrast in greater detail and to provide a potential explanation.
Method

Subjects
Three visually normal female subjects, ages 23 (S 1 ), 28 (S 2 ), and 54 (S 3 ) years, participated in the study. The subjects had best-corrected visual acuities that were better than 20/20 in the tested eye as measured with a Lighthouse Distance Visual Acuity Test (Lighthouse International, New York, NY), normal contrast sensitivity as measured with a Pelli-Robson Contrast Sensitivity Chart (Haag-Streit, Koeniz, Switzerland), refractive errors less than 0.5 D, clear ocular media, and normal-appearing fundi on ophthalmologic examination. Appropriate institutional review board approval was obtained, and the experiments were undertaken with the understanding and written consent of each subject.
Stimuli and recording system
The test stimulus consisted of full-field sinusoidal flicker that was a sum of middle-and long-wavelength light generated by arrays of light-emitting diodes (LEDs) with peak wavelengths of 516 and 640 nm, presented in a Diagnosys ColorDome desktop Ganzfeld (Diagnosys LLC, Littleton, MA). The LEDs were pulse-width-modulated under computer control at a temporal frequency of 1 kHz, with luminances controlled by a calibrated lookup table. Stimulus spectral characteristics and luminances were calibrated with a PR-650 SpectraScan colorimeter (Photo Research, Inc., Chatsworth, CA), with chromaticities and luminances based on V 10 k. The mean luminance of the flicker was 200 cd/m 2 (4.0 log td, assuming a dilated pupil diameter of 8 mm), consisting of 100 cd/m 2 each of the 516-and 640-nm stimuli, yielding CIE chromaticity coordinates of x = 0.45, y = 0.37. The stimulus luminance was maintained at the mean level between presentations of the flicker. The sinusoidal flicker was presented against a steady, rod-desensitizing adapting field of 12.3 cd/m 2 (2.8 log td; 3.3 log scot td), generated by an array of LEDs with a peak wavelength of 464 nm. This adapting field was also present during the interstimulus interval.
Flicker temporal frequencies ranged from 20 to 100 Hz, and stimulus contrasts were nominally 40%, 60%, 80%, and 100%, with contrast C defined according to the Michelson formulation:
where L max and L min are the maximum and minimum luminances, respectively. Against the short-wavelength adapting field, the effective stimulus contrasts for the cone system were 37.7%, 56.5%, 75.4%, and 94.2%. ERG responses were recorded using a Burian-Allen bipolar contact lens electrode wetted with methylcellulose and inserted under room illumination, with an earclip electrode serving as ground. Signals were acquired with a Diagnosys E 2 electrophysiology console, using amplifier bandpass settings of 0.3 to 500 Hz and a sampling frequency of 2 kHz.
Procedure
Prior to the ERG recordings, the pupil of the tested eye was dilated with 2.5% phenylephrine hydrochloride and 1% tropicamide drops, and the cornea was anesthetized with proparacaine drops. Each subject was light-adapted to room illumination prior to testing and was then adapted for 5 min to the stimulus mean luminance in order to achieve a stable level of light adaptation.
All ERG responses from each subject were obtained within a single testing session. The stimuli were presented in order of increasing contrast, and at each contrast level, stimuli were presented in order of increasing temporal frequency. The recording length for each sweep was 1.1-1.4 s, with the exact duration an even multiple of the stimulus period. At each temporal frequency, ERG responses were recorded to three stimulus presentations. At the end of the session, three ERG responses were obtained to a stimulus of zero contrast in order to provide an estimate of recording noise. The mean noise levels over the temporal frequency range examined were 0.25, 0.32, and 0.22 lV for S 1 , S 2 , and S 3 , respectively.
Analysis
The first and last portions of each ERG waveform were omitted from the analysis in order to avoid onset and offset transients. The exact length that was omitted depended on the stimulus period and was an even num-ber of cycles at both onset and offset. As a result, waveform segments of approximately 800 ms were used for analysis, consisting of an even number of cycles, and with the exact length dependent on stimulus period. Fig. 1 illustrates this approach applied to the ERG waveforms of S 3 , obtained at a stimulus temporal frequency of 31.25 Hz and a contrast of 94.2%. Three waveforms are superimposed to illustrate reproducibility, and the segment of the waveform that was analyzed is indicated by the arrows and vertical dashed lines. The numbers above the response peaks indicate the cycle numbers for the analyzed segment. Fig. 1 also illustrates the phenomenon of synchronous period doubling. The trough-to-peak amplitude of the ERG waveform alternated from cycle to cycle and was larger on the even-numbered cycles. It is apparent that this alternation in response amplitude began to occur on the same cycle of the response from waveform to waveform. This was also the case at the other temporal frequencies that were tested, and was true for all subjects. Given this consistency in the onset of period doubling, the data analysis was based on the mean of the three ERG responses obtained at each stimulus temporal frequency.
The response harmonics at each stimulus frequency were derived from the power spectral density of the ERG waveforms, using the MATLAB Signal Processing Toolbox (The MathWorks, Natick, MA). For illustration, Fig. 2 plots the amplitude spectra of the individual ERGs that are shown in Fig. 1 . In Fig. 2 , the plotted amplitudes represent the full trough-to-peak amplitudes of the harmonic components, to allow a comparison to the trough-to-peak amplitudes of the ERG waveforms. All three waveforms of this subject showed the same pattern of results. There was a strong component at the stimulus frequency (f), and there were also nonlinear harmonic components at even and odd multiples of f, as expected (e.g., Burns, Elsner, & Kreitz, 1992; Odom, Reits, Burgers, & Riemslag, 1992) . In addition, there was a small, somewhat variable harmonic component at a frequency that was one-half f (f/2, the subharmonic, with a period that was twice that of f). There were also substantial nonlinear harmonic components at odd multiples of f/2 (the even multiples of f/2 are at the same temporal frequencies as f and its harmonic components, and therefore cannot be distinguished from these response components). The presence of the subharmonic and its higher harmonics are the signature of synchronous period doubling.
Two measures of period doubling were examined in this study. The first measure was the amplitude of the 3f/2 harmonic component of the ERG response at a given stimulus temporal frequency. As discussed previously (Alexander et al., 2005; Crevier & Meister, 1998) and is apparent in Fig. 2 , the amplitude of the f/2 harmonic tends to be attenuated by the visual system and may not be readily distinguishable from recording noise, so that the 3f/2 harmonic is a more reliable index of period doubling. The second measure was the mean trough-to-peak amplitudes on the even and odd cycles of the ERG waveform. Period doubling is evident as a difference in the mean trough-to-peak amplitudes for the even and odd cycles at a given temporal frequency.
In order to compare the shapes of the frequency response functions across contrast levels, the amplitudes obtained by both methods were converted to responsivity by dividing the response amplitude by the contrast of the stimulus used to elicit the response (Enroth-Cugell, Robson, Schweitzer-Tong, & Watson, 1983) . If response amplitude scales linearly with stimulus contrast, then the frequency responsivity functions will have the same shape and values regardless of contrast level. Nonlinear curve fitting of the responsivity data was performed using the Marquardt-Levenberg algorithm as implemented in SigmaPlot (Systat Software, Inc., Point Richmond, CA), with a least-squares criterion.
Results
Frequency response of synchronous period doubling
The responsivity of the 3f/2 harmonic as a function of temporal frequency is shown in Fig. 3 . In this plot, the responsivity of the 3f/2 harmonic is plotted with respect to the log temporal frequency of the stimulus used to generate the ERG response. The columns in this figure present the data for the individual subjects, and the rows present the data at each stimulus contrast. At the highest contrast (top row), the frequency responsivity function for the 3f/2 harmonic of each subject showed two regions of period doubling. One was a fairly narrow region centered near 30 Hz, and the second was a broader region with a peak near 50 Hz. The higher-frequency region was particularly prominent for S 1 .
The vertical dashed line in each plot of Fig. 3 marks the leftmost peak of the frequency responsivity function derived from the 3f/2 harmonic of each subject at the highest stimulus contrast. The location of this peak was at a similar stimulus temporal frequency for S 1 and S 3 , but was at a slightly higher frequency for S 2 . As stimulus contrast was reduced (lower rows of Fig. 3 ), this leftmost peak became displaced systematically to higher temporal frequencies for all three subjects, as demonstrated by the increasing distance of the leftmost peaks from the dashed lines. In addition, the rightmost peaks were also shifted to higher frequencies and became less prominent as stimulus contrast was reduced.
To confirm that period doubling was displaced to higher temporal frequencies with decreasing stimulus contrast, we examined the properties of the frequency responsivity functions derived from trough-to-peak amplitudes on even and odd cycles of the ERG waveforms. The results are shown in Fig. 4 . The data points in this figure represent mean trough-to-peak responsivity for S 1 (Fig. 4A) , S 2 (Fig. 4B) , and S 3 (Fig. 4C) , with the responsivity values for the even and odd cycles plotted separately. For clarity, the responsivity functions have been plotted such that they are offset vertically from each other by 75, 150, and 225 lV for 56.5, 75.4, and 94.2% contrast, respectively, relative to the functions at 37.7% contrast, which are plotted unshifted. The horizontal line segments next to the data for 37.7% contrast represent the mean responsivity at 20 and 100 Hz for that contrast. The other line segments indicate the amounts by which the responsivity functions were displaced vertically from the low-contrast data.
At the lowest and highest temporal frequencies, mean responsivity was equivalent on odd and even cycles of the ERG waveforms for all subjects, as indicated by the coin- Fig. 3 . Responsivity of the 3f/2 harmonic plotted relative to the log temporal frequency of the stimulus used to generate the ERG response for the three subjects (columns) at the four stimulus contrasts (rows). Stimulus temporal frequencies corresponding to the log values are indicated on the top x-axis. Vertical dashed lines represent the location of the leftmost peaks of the responsivity functions for the 3f/2 harmonic at 94.2% contrast, and the dotted lines indicate the least-squares best fits of Eq. (6) to these peaks.
cidence of the filled and open symbols. At intermediate temporal frequencies, however, there were consistent differences in responsivity between the even and odd cycles of the ERG waveforms, which represents period doubling. Furthermore, it is apparent that there were generally two regions of period doubling. These regions were separated by a stimulus temporal frequency at which responses on the even and odd cycles were equal in amplitude. This confirms the two regions of period doubling seen in the responsitivity functions for the 3f/2 harmonic (Fig. 3) .
For reference, the vertical dashed line in each plot in Fig. 4 has been replotted from Fig. 3 and marks the location of the leftmost peak of the responsivity function for the 3f/2 harmonic at the highest stimulus contrast. There was excellent agreement between the regions of period doubling defined by these two measures. At the highest stimulus contrast, the dashed lines in Fig. 4 lie in the centers of the leftmost regions of period doubling as derived from trough-to-peak responsivity. As stimulus contrast was reduced, the regions of period doubling in Fig. 4 were displaced systematically to higher temporal frequencies for all three subjects, confirming the results shown in Fig. 3 . The responsivity plots for all subjects also showed a prominent peak near 40 Hz at the highest contrast. This peak was displaced to higher temporal frequencies and became less prominent as stimulus contrast was reduced. The shift in the temporal frequency of this responsivity peak paralleled the shift of the higher-frequency region of period doubling.
Accounting for the effect of contrast on the frequency response of period doubling
A potential explanation for the shift of period doubling to higher temporal frequencies with reduced contrast is that the time constant s of the putative feedback signal y proposed by Crevier and Meister (1998) becomes shorter at low contrasts. As noted in the Introduction, a decrease in s would allow the interstimulus interval to be shorter before a given stimulus would begin to affect the gain for the subsequent stimulus, resulting in period doubling. Thus, a decrease in s would shift the region of period doubling to a higher temporal frequency range. However, it seems unlikely that the value of s would be determined by the stimulus contrast.
A more likely explanation for the temporal frequency shift of period doubling with altered stimulus contrast is that it results from a fixed neural threshold for y, with a constant value of s. This is illustrated in Fig. 5 , which depicts the exponential decay of y at five contrast levels, where:
This equation represents Eq. (1) with the gain terms removed and t substituted for f. In Fig. 5 , the plotted functions all have the same values of B and s, and the heights of the curves are proportional to C.
It is apparent from Fig. 5 that the lower the stimulus contrast, the more rapidly the feedback signal would decay to the threshold level (y thr ), as indicated by the vertical arrows on the abscissa. The time required for y to decay to the threshold level governs how closely in time the stimuli can be placed before there is an interaction between the responses to successive stimuli. The faster the decay, the shorter can be the interstimulus interval, and therefore, the higher the temporal frequency at which the onset of period doubling would occur. According to this analysis, the time t c required to reach y thr as a function of contrast C is given by:
which is Eq. (4) rewritten to solve for t at a specific value of y. The stimulus temporal frequency at which period doubling would occur is the reciprocal of t c in seconds. Because the value of t c becomes progressively smaller as stimulus contrast is reduced, this would lead to a higher temporal frequency of period doubling.
To investigate whether the predicted temporal frequency of period doubling derived from Eq. (5) corresponded to the actual frequency of period doubling, the following analysis was performed. First, we quantified the effect of stimulus contrast on the location of the leftmost peak of the responsivity functions for the 3f/2 harmonic (Fig. 3) . This peak was chosen because it was the most robust. The leftmost peak at each contrast level and for each subject was characterized by a Gaussian function of the form:
where f is stimulus temporal frequency, amp 3f/2 is the amplitude of the 3f/2 harmonic at that stimulus frequency, a is a vertical scaling parameter, and b is a parameter that controls the width of the function. The value of f 0 refers to the stimulus temporal frequency that produced the maximum responsivity of the 3f/2 harmonic and was the parameter of interest. It is apparent that the Gaussian functions in Fig. 3 , indicated by the dotted curves, provide a good description of the locations of the leftmost peaks of the responsivity functions for the 3f/2 harmonic (all r 2 > 0.92). However, the rightmost portions of the responsivity functions for the 3f/2 harmonic in Fig. 3 lie above the Gaussian functions, corresponding to the higher-frequency regions of period doubling observed in Fig. 4 . Fig. 5 . Schematic illustration of the effect of stimulus contrast on the relative amplitude of the hypothesized feedback signal y of Crevier and Meister (1998) vs. time following stimulus occurrence, for an arbitrary, fixed values of B and s. Arrows along the x-axis represent the relative time at which y decays to the threshold level y thr for a given stimulus contrast. Fig. 6 . Stimulus period corresponding to the leftmost peak of the 3f/2 harmonic as a function of stimulus contrast for the individual subjects, derived from the best fits of Eq. (6) to the data plotted in Fig. 3 . Curves represent the predicted periods as derived from the best fits of Eq. (5) to the data for the individual subjects. The temporal frequencies corresponding to the stimulus periods are indicated on the right y-axis.
The derived values of f 0 for the individual subjects were then converted to stimulus periods and are plotted in Fig. 6 . For reference, the right y-axis in this figure indicates the temporal frequencies that correspond to the stimulus periods. All subjects showed the same general pattern of results. There was an increase in the stimulus period (decrease in the stimulus temporal frequency) corresponding to the location of the 3f/2 harmonic as stimulus contrast increased. The data of S 1 and S 3 were quite similar quantitatively, whereas the results for S 2 were displaced to lower periods (higher temporal frequencies) than those for the other two subjects, as was also evident in Figs. 3 and 4.
The curves in Fig. 6 represent the least-squares best-fits of Eq. (5) to the data for the individual subjects. In this fit, the parameters B and y thr were collapsed into a single parameter, defined as:
Therefore, only two parameters were involved in the fit: K, which determined the vertical position of the function, and s, which controlled the overall slope. For all three subjects, there was good agreement between the predicted temporal frequency shift in period doubling with stimulus contrast based on the thresholding model of Eq. (5), and the actual changes in the temporal frequency of period doubling as derived from Fig. 3 (all r 2 > 0.95).
Discussion
This study characterized the effect of stimulus contrast on the frequency response characteristics of synchronous period doubling in the human flicker ERG. Somewhat counterintuitively, it was observed that decreasing the stimulus contrast shifted the region of period doubling to higher temporal frequencies. This was apparent both in the responsivity as derived from the 3f/2 harmonic of the amplitude spectrum (Fig. 3) and in the responsivity derived from the even and odd cycles of the ERG waveform (Fig. 4) . We propose that a likely explanation for this shift in the temporal frequency region of period doubling as a function of stimulus contrast is a neural thresholding of the exponentially decaying feedback signal that was hypothesized by Crevier and Meister (1998) to account for synchronous period doubling. According to this argument, a lower stimulus contrast means that the feedback signal decays to a threshold level more quickly, so that stimuli can be presented at a faster rate before there is the interaction between successive stimuli that generates period doubling. In support of this explanation, there was excellent agreement between the observed shift in the temporal frequency region of period doubling and the predicted shift based on Eq. (5).
In general, there was good correspondence between the two measures of period doubling that were derived. That is, the properties of responsivity derived from the 3f/2 harmonic (Fig. 3) were similar to the characteristics of responsivity derived from the even and odd cycles of the ERG waveform (Fig. 4) . However, there were intermediate temporal frequencies at which the amplitudes were equal on even and odd cycles (Fig. 4 ), yet the amplitude of the 3f/2 harmonic was not zero at that stimulus frequency (Fig. 3) . The most likely explanation for this apparent discrepancy is that the harmonic components that constitute period doubling frequently give rise to a variation in waveform shape from cycle to cycle, rather than producing a difference in response amplitude per se. Whether this occurs depends in part on the phase relationships among the various harmonic components of the ERG response. As a result, there may be no difference in the actual response amplitude from cycle to cycle, yet the amplitude spectrum may contain harmonic components that indicate the existence of period doubling. Therefore, the amplitudes of the harmonics of f/2 appear to be a more representative index of period doubling than the actual trough-to-peak amplitudes of the ERG waveform.
In the present study, there were multiple regions of period doubling with apparently different properties. For example, in the leftmost region of period doubling shown in Fig. 4 , responsivity as derived from trough-to-peak amplitude was consistently higher on the even than on the odd cycles of the ERG response for all three subjects, but in the rightmost region of period doubling, the magnitude of period doubling was less than in the leftmost region, and there was inconsistency both within and among the subjects as to whether responsivity was lower on the even or odd cycles. Furthermore, there were substantial intersubject differences in the relative prominence of the two regions of period doubling as derived from the 3f/2 harmonic (Fig. 3) . These multiple frequency regions of period doubling are not readily predicted by the model of Crevier and Meister (1998) . For moderate values of B that do not lead to period quadrupling or chaotic amplitude variations, the model predicts a single region of period doubling centered on a particular temporal frequency that is defined by s. The multiple temporal frequency regions of period doubling observed in the present study suggest that the period doubling within these different temporal frequency regions may result from distinct underlying processes with different time constants. However, this remains to be determined.
The plots of responsivity derived from trough-to-peak amplitude shown in Fig. 4 had a complex shape, with a prominent peak near 40 Hz at the highest stimulus contrast. This peak tended to occur within the rightmost region of period doubling and was displaced to higher temporal frequencies at lower contrasts. A similar response peak has been observed in the frequency response functions of cat horizontal cells (Foerster, van de Grind, & Grü sser, 1977) , horizontal cells of the macaque retina (Smith, Pokorny, Lee, & Dacey, 2001) , and cat ganglion cells (Frishman, Freeman, Troy, Schweitzer-Tong, & Enroth-Cugell, 1987) . The response peak observed in the cat retina was attributed to the resonance of a second-order filter that rep-resents a negative feedback loop between horizontal cells and cone photoreceptors, with each cell type acting as a low-pass filter (Foerster et al., 1977; Frishman et al., 1987) . A similar explanation may account for the responsivity peaks observed in Fig. 4 . However, Crevier and Meister (1998) noted that blocking the light response of horizontal cells of the salamander retina with D-O-phosphoserine had no effect on the magnitude of period doubling. They concluded that negative feedback from horizontal cells onto cone terminals is not involved in the period doubled response. Therefore, the specific relationship between the peak of the flicker ERG near 40 Hz and synchronous period doubling remains to be resolved.
In the present study, response amplitudes were converted to responsivity in order to compare the results at different contrast levels. If response amplitude were to scale linearly with stimulus contrast, then the plots of responsivity vs stimulus temporal frequency would all be of identical shape and amplitude across stimulus contrast. For the 3f/2 harmonic (Fig. 3) , this was clearly not the case. Responsivity values for the leftmost peaks of the 3f/2 functions were generally highest at the intermediate stimulus contrasts. Furthermore, the rightmost regions of period doubling became less prominent with decreasing contrast, such that, at the lowest contrast, the responsivity functions for the 3f/2 harmonic were dominated by the leftmost peaks. These results indicate that the relationship between stimulus contrast and the response amplitude of the 3f/2 harmonic is highly nonlinear at intermediate temporal frequencies.
A similar nonlinear contrast response at intermediate temporal frequencies can be observed in the responsivity functions derived from trough-to-peak amplitude that are shown in Fig. 4 . In the regions where period doubling occurred, the vertical separation between the responsivity functions varied considerably across stimulus temporal frequency and was different for the even and odd cycles of the ERG waveform (Fig. 4) . Thus, the contrast response functions derived from trough-to-peak amplitudes have a complex shape at these intermediate frequencies. Similarly, the ERG contrast response functions of Wu et al. (1995) showed a nonlinear shape on log-log coordinates at a stimulus temporal frequency of 40 Hz, indicating that the data did not conform to a simple power law relationship at that temporal frequency. Our results suggest that the irregularities in the shape of the contrast response function at temporal frequencies near 40 Hz (Wu et al., 1995) may be related to the neural processes that underlie period doubling.
At the highest temporal frequencies, where the ERG has been shown previously to behave linearly and to have a linear contrast response function (Wu et al., 1995) , the responsivity functions of Fig. 4 were parallel to one another and were separated vertically by equal amounts, confirming that response amplitude scaled linearly with contrast under these conditions. At the two lowest temporal frequencies, the responsivity functions were parallel across contrast, but for S 1 and S 2 , the vertical distance between the functions was less than the amount of the vertical shift indicated by the horizontal line segments. This relationship indicates that the contrast response functions were compressive at these lower frequencies, in agreement with Wu et al. (1995) , who reported compressive functions at stimulus frequencies below 30 Hz.
Period doubling is a typical characteristic of a nonlinear dynamical system (Feigenbaum, 1978) . The occurrence of period doubling can indicate that the system may be approaching an unstable state that can lead to chaotic variations in response amplitude over time. In this regard, it is of considerable interest that synchronous period doubling in the flicker ERG of the cone system was a highly replicable finding in these subjects. For example, the alternation in response amplitude that characterizes period doubling began to occur on the same cycle of the ERG response from trial to trial for a given subject, as illustrated in Fig. 1 . Furthermore, there was consistency among the subjects as to whether the period doubling began on the even or odd cycle of the waveform, at least for the leftmost region of period doubling (Fig. 4) . Therefore, even though period doubling may indicate the onset of apparently stochastic behavior in a deterministic system, there can be considerable regularity in its occurrence in the cone flicker ERG.
In summary, synchronous period doubling in the flicker ERG of the cone system occurred within fairly narrowly defined temporal frequency regions in this study. Of particular interest, the regions of period doubling were displaced to higher temporal frequencies as stimulus contrast was reduced. The occurrence of period doubling was associated with prominent inflections in the shape of the ERG responsivity functions derived from trough-to-peak amplitudes, and these inflections were also displaced to higher temporal frequencies with a reduction in stimulus contrast. Thus, the neural processes that underlie period doubling appear to be at least partly responsible for the complex properties of the contrast response functions observed in previous studies of the flicker ERG (eg, Burns et al., 1992; Odom et al., 1992) . There was good quantitative agreement between the observed shift in the temporal frequency of period doubling as a function of stimulus contrast and the predicted shift based on the assumption that there is a neural thresholding of the feedback signal that has been proposed to account for synchronous period doubling (Crevier & Meister, 1998 ). An evaluation of the relationship between stimulus contrast and synchronous period doubling may thus provide a useful method for assessing the nature of the feedback processes that underlie the generation of the cone flicker ERG.
